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mν = 1 eV
a)
b)
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X = {I,Q,U} LV:?Qﬁ>;@MLMLVU=S
:?>T<=:?DbEY0F;@Mhj58FZC@aGKDb
X˜ = {I˜ , Q˜, U˜} J
X(~ˆn) = X˜(~ˆn+ ~∇Φ(~ˆn))
243zGKQ0\LV:_C0:¡C0Uh:lb@V58QqU?>HGKQ>Y*:?>;@M>J[58QFZUJGKLM@VSZ:yD0QqC0U?I:?LV58Y0Y{:?hj:?Q>WC0:_wGJLV58FWS;D0@MI\GKQﬁ>LV:y\FHG8C@V:?Qﬁ>
CD Y*58>Z:?Qﬁ>;@V:?LEJ
X(~ˆn) = X˜(~ˆn) + ~∇Φ(~ˆn).~∇X˜(~ˆn) +O((~∇Φ(~ˆn))2)
V^GKQPSLe36:=S;YG8<=:yC0:58D0F;@V:?FJ[PLaG_FZ:?LaGK>;@V58QGKD Y0FZ:?hn@V:?F58FZCFZ:¡C0:?I@V:?Qﬁ> J
X(~k) ∼ X˜(~k) +
∫
~dn
2~∇Φ(~ˆn).~∇X˜(~ˆn)e(−i~k.~n)
2xG~>;FHGKQPSdA58F;hjU=:yC0:58D0F;@V:?FCD Y0FZ5CD0@M>SZ<JGKLaGK@MFZ:ySZ:^<JGKLV<?D0LV:^AG8<?@MLV:?hj:?Q>WJ
∫
~dn
2~∇Φ(~ˆn).~∇X˜(~ˆn)e(i~k.~n) = −
∫ ~dk12
(2pi)2
∫ ~dk22
(2pi)2
~k1.~k2Φ(~k1)X˜(~k2)
∫
~dn
2
e(−i(
~k−~k1−~k2).~n)
ﬀL7~r
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δ(~k − ~k1 − ~k2) [058Q5870>;@V:?Qﬁ>vJ
X(~k) ∼ X˜(~k)− ∫ ~dk12
(2pi)2
~k1.(~k − ~k1)Φ(~k1)X˜(~k − ~k1) ﬀLI~r  P
\Q GqFZ:?>;FZ58D0IU\[4C0:E<=:?>;>Z:¤AeGR =58QO[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X(~k) ∼ X˜(~k)−
∫ ~dk22
(2pi)2
(~k − ~k2).~k2Φ(~k − ~k2)X˜(~k2)
¢LV58FZSJ[SZ@{58Q¤FZ:?hnY0LaG8<=:WLaG¡I8GKF;@aGK70LV:Rh¡DP:?>;>Z: ~k2
YGKF −~k2 [58Q¤FZ:?>;FZ58D0I:RLe36:lbY0FZ:=SZS;@V58Q PgC058Q0QPU=:
YGKF$Sr]D :?>Tw^r\ \GKhj58>Z5jCPGKQPSLe3zGKF;>;@V<?LV:jz©$Q

J
X(~k) ∼ X˜(~k) + ∫ ~dk22
(2pi)2
(~k + ~k2).~k2Φ(~k + ~k2)X˜
∗(~k2)
ﬀLI~r
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FZ58>HGK>;@V58QCv3zGKQ0\LV:
Φ~k = Arctan(ky/kx)
C0:=ST<ZXGKhnYPS :?>9O_r
Y (~k) ∼ Y˜ (~k) + δY (~k) [P5MN Y = {E,B}
δE(~k) =
∫ ~dk′2
(2pi)2
[
E˜∗(~k′) cos 2ϕ~k′~k − B˜∗(~k′) sin 2ϕ~k′~k
]
~k′.(~k + ~k′)Φ(~k + ~k′)
δB(~k) =
∫ ~dk′2
(2pi)2
[
B˜∗(~k′) cos 2ϕ~k′~k + E˜
∗(~k′) sin 2ϕ~k′~k
]
~k′.(~k + ~k′)Φ(~k + ~k′)
ﬀL7~r
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EE
l2
(~L.~l2)] cos 2ϕ~l1~l2
EB [C˜EEl1 (
~L.~l1)− C˜BBl2 (~L.~l2)] sin 2ϕ~l1~l2
BB [C˜BBl1 (
~L.~l1) + C˜
BB
l2
(~L.~l2)] cos 2ϕ~l1~l2
 
 ﬁﬀﬃﬂ  /0:*3;( / 4;56:3 -03;32 3 @$:*3	7 C>7#4;-1C>73@$: #C>565;'=/E+T4;-1C>7
8
@$:*2 ? CB-0794;3 /0:=7946-0/1/0'=:3
C0:^I\GKLV:?D0Fhj5J:?Q0QP:yQD0LMLV:J
< Φ(~k) > = 0
< Φ∗(~k1)Φ(~k2) > = (2pi)
2δ(~k1 − ~k2)CΦΦk1
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VW58QP<\[vLaGE<=58F;FZU?LaGK>;@V58Q
< X1(~k1)X2(~k2) >
5MN
X1, X2 ∈ {T,E,B} [x<JGKLV<?D0LVU=:GKD}Y0FZ:?hn@V:?F_58FZCFZ:
:?Q
Φ
[v:=S;>^QﬁD0LMLV:\[]hj58@MQPS¡NDP:~Le3658Q}QP:j<=58QPS;@VC0?FZ:nLaGhj5f:?Q0QP:iS;D0F^D0Q:?QPSZ:?h&70LV:jC0:nFZUJGKLM@VSHGK>;@V58Q
CDqmoqp >Z58D0>:?QEﬁGKFZCPGKQﬁ>LV:¡<ZXGKhnYC0:WLV:?Q>;@MLMLV:^0b0U\rV^GKQPS<=:^<JG8SJ[0LaG&A58QP<?>;@V58QC0:y<=58F;FZU?LaGK>;@V58Q]
C0:?DbY*58@MQﬁ>ZSC0:?I@V:?Q>WJ
< X1(~k1)X2(~k2) >CMB =<
(
X˜1(~k1) + δX1(~k1)
)(
X˜2(~k2) + δX2(~k2)
)
>CMB
∼< X˜1(~k1)δX2(~k2) >CMB + < δX1(~k1)X˜2(~k2) >CMB [P]~Le3658FZCFZ: 
ﬀL7~r
J­

5MNLe3658QGjS;D0Y0Y*5\SZUyC0:=Shj5C0:=SRC0: 58D0F;@V:?FC@BkvU?FZ:?Qﬁ>ZSJ[>Z:?LVSNDP: ~k1 6= −~k2 rP2x:¡<JGKLV<?D0L<=58QPCD0@M>
]J
< X1(~k1)X2(~k2) >CMB∼ fα(~k1, ~k2)Φ(~L) ﬀLI~r QP 
5MN ~L = ~k1 + ~k2
rv2GA¥58QP<?>;@V58Q.C0:nY{58QPC0U?FHGK>;@V58Q
fα
[v5MN
α ∈ {TT, TE, TB,EE,EB,BB} [xND0@
C0U?Y{:?QPC¤C0:=SS;Y*:=<?>;FZ:=SC0:RY0D0@VSZSHGKQP<=:RY0F;@Mhj58FZC@aGKDbECD moqpW[:=S;>:lbY0LM@V<?@M>ZU=:^CPGKQPS`LV:R>HGK70LV:JGKDFLI_r

¦@Le3658Q QP:Y{:?D0>jC@MFZ:=<?>Z:?hj:?Q>iD0>;@MLM@VSZ:?FnLV:=S_A58QP<?>;@V58QPSjC0:¤<=58F;FZU?LaGK>;@V58Q <=58hnhj:E:=SZ>;@MhiGK>Z:?D0FiCD
Y{58>Z:?Q>;@V:?LC0:WLV:?Q>;@MLMLV:\[:?QEFZ:?I\GKQP<ZXP:\[<=:?LMD0@Bc<?@xY*:?D0>Tu?>;FZ:y:lb>;FHGK@M>:?QEA¥58F;hiGKQ>TD0QP:^hj5f:?Q0QP:yY*58QPC0Ulc
FZU=:C0:iY0FZ5CD0@M>ZS~Cv36587PSZ:?F;I\GK70LV:=S_LV:?Qﬁ>;@MLMLVU=:=SJrVW=S&LV58FZSJ[OLe36:=S;>;@MhiGK>Z:?D0FnNDG8CFHGK>;@VNﬁDP:Y0FZ:?QPC.LaGEA58F;hj:
U?QPU?FHGKLV:¡S;D0@MI\GKQﬁ>Z:J
dα(~L) =
Aα(L)
L
∫
d2~l1
(2pi)2
∫
d2~l2
(2pi)2
x(~l1)x
′(~l2)Fα(~l1,~l2)δ(~L−~l1 −~l2) , ﬀLI~rz© Y 
5MNLV:=STA¥58QP<?>;@V58QPS
Aα
:?>
Fα
SZ58Qﬁ>FZ:=S;Y{:=<?>;@MI:?hj:?Q>J[LaGnQP58F;hiGKLM@VSHGK>;@V58Qq:?>LaG~Y*58QPC0U?FHGK>;@V58QqC0:^Le36:=SZ>;@Bc
hiGK>Z:?D0F
dα
r*2xGiA¥58QP<?>;@V58Q}C0:&QP58F;hiGKLM@VSHGK>;@V58Q:=S;>^C0U?>Z:?F;hn@MQPU=:~LV58FZSZNDO3658Q@MhnY{5\SZ:_NDP:¡Le36:=S;>;@MhiGK>Z:?D0F
SZ58@M>QP58Qce70@aGK@VSZUNJ
< dα(~L) >CMB= d(~L) ≡ LΦ(~L) .
QC0U?I:?LV58Y0YGKQ>LV:^<JGKLV<?D0Le[P58Q>;FZ58D0I:wJ
Aα(L) = L
2
[∫
d2~l1
(2pi)2
fα(~l1,~l2)Fα(~l1,~l2)
]−1
.
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QPS;D0@M>Z:\[LaG¤A58QP<?>;@V58QC0:jY*58QPC0U?FHGK>;@V58Q
Fα
Y*:?D0>&u?>;FZ:<ZXP58@VS;@V:¤GsPQ.Cv3658Y0>;@Mhn@VSH:?F&Le36:=S;>;@MhiGK>Z:?D0FJr
¢@MQPSZ@e[\ \GKhj58>Z5E:?>H]D}58Qﬁ>^<JGKLV<?D0LVU~LV:¡PLM>;FHGK:nNﬁD0@ hn@MQ0@Mhn@VSZ:~LaGiI8GKF;@aGKQP<=:
< d∗α(L)dα(L) >
rLLVS
C058Q0QP:?Qﬁ>vJ
Fα(~l1,~l2) =
Cˆx
′x′
l1
Cˆxxl2 fα(
~l1,~l2)− Cˆxx′l1 Cˆxx
′
l2
fα(~l2,~l1)
Cˆxxl1 Cˆ
x′x′
l2
Cˆx
′x′
l1
Cˆxxl2 − (Cˆxx
′
l1
Cˆxx
′
l2
)2
,
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5MNO[Y0D0@VSZNﬁDP:WLV:RY*58>Z:?Qﬁ>;@V:?LOC0:WLV:?Q>;@MLMLV:^:=S;>S;D0Y0Y{5\SHUFZ:=<=58QPSZ>;F;D0@M>]¡YGKF;>;@MFTC0:^<JGKF;>Z:=SC0:ymoqp 587PSH:?Fdc
IU=:=SJ[PLV:=SS;Y*:=<?>;FZ:=SND0@GKY0YGKFHGK@VSZSZ:?Q>RCPGKQPSLe36:lbY0FZ:=SHS;@V58Q<?@BcC0:=SZS;DPSR<=58Qﬁ>;@V:?Q0QP:?Q>y]~LaG~A58@VSTLV:ySZ@M\QGKL
Y0F;@Mhj58FZC@aGKLe[vLe36:lkv:?>WC0:_LV:?Q>;@MLMLV:j:?>WD0QP:n<=58hnY{5\SHGKQ>Z:nC0:_70F;D0@M>yCv3658F;@M\@MQP:jG8S;>;FZ58Y0XﬁS;@VNDP:n:?>R@MQPSZ>;F;Dc
hj:?Qﬁ>HGKLV: J
Cˆl = C(~l) +N(~l)
r¢ªLe3 @MQPSZ>HGKF`C0:=SGKD0>Z:?D0FZSJ[58Q¤QP:R<=58QPS;@VC0?FZ:\[0CPGKQPSD0QY0FZ:?hn@V:?F`>Z:?hnYPSJ[
NﬁDO3 D0Q70F;D0@M>T70LaGKQP<^ﬁGKDPSZS;@V:?QE@VSHS;D C0:^LaG~C0U?>Z:=<?>;@V58Q J
N(~l) = σ2pixΩpixB(~l)
ﬀLI~rz©
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5MN
σpix
:=S;>~LV:¤Q0@MI:JGKD C0:¤70F;D0@M>jCPGKQPSnD0Q¬U?LVU?hj:?Q>C0:¤FZU=SZ58LMD0>;@V58Q¬Cv3zGKQ0\LV: SH58LM@VC0:
Ωpix
:?> B(~l) [
Le36:lk*:?>CD LV587*: CD C0U?>Z:=<?>Z:?D0F¤S;D0Y0Y*5\SZUEﬁGKDPSZSZ@V:?QOrm58QP<=:?Y0>;DP:?LMLV:?hj:?Qﬁ>J[TLV:¤AGK@M>C0: >Z:?Q0@MF<=58hnY0>Z:
Cv3 D0QP:<=58hnY{5\SHGKQ>Z:}C0:70F;D0@M>¤Y*:?F;hj:?>EC0:AeG8<?@MLM@M>Z:?F¤LV:<JGKLV<?D0L^C0:qLe3 @MQﬁ>ZU?\FHGKLV:}ND0@^GKY0YGKFHGK@M> CPGKQPS
Le36:lbY0FZ:=SHS;@V58QEC0:Le36:=SZ>;@MhiGK>Z:?D0F¡¥:=NrLI_rz©
Y
 :?QE:lk*:?>J[SHGKQPS`Le3zGKY0Y*58F;>C0:RY0D0@VSZSHGKQP<=:W:?Q0:?QPCFZUWYGKFLV:
70F;D0@M>J[PLV:&C0U?QP58hn@MQGK>Z:?D0FRC0:¡LaG~A58QP<?>;@V58QC0:^PLM>;FHGK:&C0:?I@V:?QPCFHGK@M>W:lb>;FZu?hj:?hj:?Qﬁ>RY{:?>;@M>WGKDb¤\FHGKQPC0S
h¡D0LM>;@MY8LV:=SJr
«R58DPSG=I58QPS C058QP<FZ:?>;FHG8<=U}LaGC0U?hiGKFZ<ZXP:.C0: ]D:?>	\ \GKhj58>Z5¬CPGKQPSELaG<=58QPS;>;F;DP<?>;@V58Q Cv3 D0Q
:=S;>;@MhiGK>Z:?D0FNDG8CFHGK>;@VNDP:58Y0>;@MhiGKL_¥<\36:=SZ>dc]scC@MFZ:@V<?@e[QP58Qce70@aGK@VSHU:?>iC0:EI\GKF;@aGKQP<=: hn@MQ0@MhiGKLV:flr-VW:
Y0LMDPSJ[`58QªC@VS;Y{5\SH::?Q Y0F;@MQP<?@MY*:qC0:S;@Bb':=S;>;@MhiGK>Z:?D0FZSEC@Bk*U?FZ:?Q>ZSE<=58F;FZ:=S;Y*58QPCPGKQﬁ>ZSGKDb'S;@Bb¬AeGR =58QPS
C0:i<=58h&70@MQP:?F&LV:=S&587PSZ:?F;I8GK70LV:=S_w^[O 58D|p C0:?Db|]EC0:?Dbvr m:?Y*:?QPCPGKQﬁ>J[LV:jQP58h&70FZ:Cv36:=S;>;@MhiGK>Z:?D0FZS
NﬁDG8CFHGK>;@VNDP:=S^:lkv:=<?>;@MI:?hj:?Qﬁ>yD0>;@MLM@VSHGK70LV:=S^SH:¡FZU=CD0@M>y]<?@MQPN[{Y0D0@VSZNDP:¡Le3658QQPU?\LM@M:~LaG<=58Qﬁ>;F;@M70D0>;@V58Q
C0:=Sxhj5C0:=S p}Y0F;@Mhj58FZC@aGKDb*r  @MQGKLV:?hj:?Qﬁ>J[]D&:?> \ 8GKhj58>Z5R<JGKFHG8<?>ZU?F;@VSZ:?Q>LV:=SxY*:?FdA¥58F;hiGKQP<=:=SC0:tLV:?D0F
:=S;>;@MhiGK>Z:?D0FT:?QE<JGKLV<?D0LaGKQﬁ>TLV:RS;Y*:=<?>;FZ:WC0:Y0D0@VSHSHGKQP<=:^C0:RLe36:?F;FZ:?D0F`SZD0FLaG&FZ:=<=58QPS;>;F;DP<?>;@V58QC0:Le36:lkv:?>TC0:
LV:?Qﬁ>;@MLMLV:\r£58D0FR<=:?LaG[0@MLVST:lbY0LM@V<?@M>Z:?Qﬁ>LaG_I\GKF;@aGKQP<=:yC0:^Le36:=SZ>;@MhiGK>Z:?D0FT>Z:?LMLV:yNDP:wJ
< d∗α(~L)dβ(~L
′) > = (2pi)2δ(~L− ~L′)[CddL +Nαβ(L)] ,
ﬀLI_rz©9P
5MN
Nαβ(L) = L
−2Aα(L)Aβ(L)
∫
d2~l1
(2pi)2
Fα(~l1,~l2)
(
Fβ(~l1,~l2)
×Cxαxβl1 C
x′αx
′
β
l2
+ Fβ(~l2,~l1)C
xαx′β
l1
C
x′αxβ
l2
)
.
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CPGKQPSt<=:T<JG8Sf[\Le36:=S;>;@MhiGK>Z:?D0F
α =
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dmv(~L) =
∑
α
wα(L)dα(~L) ,
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5MNyLaG`A58QP<?>;@V58Q¡C0:tY{58QPC0U?FHGK>;@V58Q
wα(L)
:=S;>x58Y0>;@Mhn@VSZU=:tY{58D0Fhn@MQ0@Mhn@VSZ:?FxLaGI8GKF;@aGKQP<=:gC0:Le36:=S;>;@MhiGK>Z:?D0FJr
LMLV:WSZ:W<JGKLV<?D0LV:^:?Q@MQI:?FZSHGKQﬁ>LaG¡hiGK>;F;@V<=:
5× 5 C0:RI8GKF;@aGKQP<=:lc<=5fI8GKF;@aGKQP<=:yCD¤70F;D0@M>C0:RLe36:=S;>;@MhiGK>;@V58QO[
S;D0@MI\GKQﬁ> J
wα =
∑
β(N
−1)αβ∑
βγ(N
−1)βγ
.
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 @MQGKLV:?hj:?Qﬁ>J[PLV:=SY0FZ58Y0F;@VU?>ZU=SCD 70F;D0@M>CDEQP58D0I:?Lx:=S;>;@MhiGK>Z:?D0FSH58Qﬁ>C0UlPQ0@V:=SYGKFJ
〈d∗mv(~L)dmv(~L′)〉 = (2pi)2δ(~L− ~L′)[CddL +Nmv(L)],
5MN
Nmv =
1∑
αβ(N
−1)αβ
.
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dEB(~L) =
AEB(L)
L
∫
d2~l
(2pi)2
E(~l)B(~l′)
C˜EE
l
CˆEE
l
CˆBB
l′
~L ·~l sin 2ϕll′ ﬀL7~rz© ­ 
¦G~I\GKF;@aGKQP<=:ySJ36U=<?F;@M>J
< d∗EB(
~L)dEB(~L
′) >= (2pi)2δ(~L− ~L′)[CddL +NEBEB(L)] ,
5MN
NEBEB(L) = AEB(L) = L
2
[∫
d2~l1
(2pi)2
(C˜EEl )
2
CˆEEl Cˆ
BB
l′
(~L ·~l sin 2ϕll′)2
]−1
.
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< E(~k1)B(~k2) >CMB∼ C˜EEk1 (~k1 + ~k2) · ~k1 sin(2ϕ~k1~k2)Φ(~k1 + ~k2)
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2xGS;>HGK>;@VS;>;@VNDP:_C0:=SR<HXGKhnYPS^w :?>WªC058@M>R@MQP<=58F;Y{58FZ:?F

Y0FZ58Y0F;@VU?>ZU=S*LV:=S<HXGKhnYPSyw :?>R SZ58Q>
ﬁGKDPSZS;@V:?QPSR:?>@VSZ58>;FZ58Y*:=SRC0:¡S;Y*:=<?>;FZ:&<=58Q0QDqCv3 D0QP:&YGKF;>J[{Cv3zGKD0>;FZ:¡YGKF;>J[@MLVSSZ58Q>R<=58F;FZU?LVU=SW:?Q>;FZ:&:?Db
hj5C0:=S]~hj5C0:=Sfrm:=<?@xSZ:W>;FHG8CD0@M>TYGKF J

< T ∗(~k1)T (~k2) >= (2pi)
2CTTk1 δ(
~k1 − ~k2)

< E∗(~k1)E(~k2) >= (2pi)
2CEEk1 δ(
~k1 − ~k2)

< T ∗(~k1)E(~k2) >= (2pi)
2CTEk1 δ(
~k1 − ~k2)
2436:lb@VS;>Z:?QP<=:C0:q<=58F;FZU?LaGK>;@V58QPS<?FZ58@VSZU=:=SE:?Qﬁ>;FZ:w :?>E	@MhnY*5\SZ:qD0Q >;@MFHGK:<=58Q89d58@MQ> C0:<=:=SEC0:?Db
<ZXGKhnYPSJr2xGnY0FZ587GK70@MLM@M>ZU&Cv365870>Z:?Q0@MFD0QP:yFZUJGKLM@VSHGK>;@V58QC0:yw/:?> C058Q0QPU=:&:=S;>TD0QP:^ﬁGKDPSHS;@V:?Q0QP:yh&D0LBc
>;@MI8GKF;@VU=:y>Z:?LMLV:yNﬁDP: J
P (T (~ki)E(~kj)) =
1
(
√
2pi)2N
√|C| exp {−12(T ∗(~ki)E∗(~kj)) C−1
(
T (~ki)
E(~kj)
)
}
2xG~hiGK>;F;@V<=:
N ×N QP58>ZU=: C :=SZ>LaG_hiGK>;F;@V<=:¡C0:^<=58F;FZU?LaGK>;@V58QPSRC0:=ST<ZXGKhnYPSRwª:?> J
C =

CTTl=0 C
TE
l=0 0 0 0 . . . 0
CTEl=0 C
EE
l=0 0 0 0 . . . 0
0 0 CTTl=1 C
TE
l=1 0 . . . 0
0 0 CTEl=1 C
EE
l=1 0 . . . 0
0 0 0 0
r
r
r
0 0
r
r
r
r
r
r
r
r
r
r
r
r
0 CTTlmax C
TE
lmax
0 0 0 0 0 CTElmax C
EE
lmax

2xGnA¥58F;hj:¡70LV5<yC@aGK58QGKLV:_C0:y<=:?>;>Z:¡hiGK>;F;@V<=:&S;@M\Q0@B:&NﬁDP:yLe3658QY*:?D0>T>;@MFZ:?F<HXG8NﬁDP:&hj5C0:y@MQPC0Ulc
Y{:?QPCPGKhnhj:?Q>4C0:=S GKD0>;FZ:=SfrK£ 58D0FD0Q&hj5C0:C058Q0QPU ~k = ~k0
[fLaGY0FZ587GK70@MLM@M>ZU`Cv365870>Z:?Q0@MFD0QP:tFZUJGKLM@VSŁGK>;@V58Q
C0:ywª:?>T SH:?FHGJ
P (T (~k0)E(~k0)) =
1
(2pi)
√|C| exp
{
− 1
2
(T ∗(~k0)E
∗(~k0))
(
CTTk0 C
TE
k0
CTEk0 C
EE
k0
)−1 (T (~k0)
E(~k0)
)}
C−1 = 1|C|
(
CEEk0 −CTEk0
−CTEk0 CTTk0
)
:?> |C| = CTTk0 CEEk0 − (CTEk0 )2
£ 58D0F_G=I58@MF¡D0QP:nFZUJGKLM@VSHGK>;@V58Q.C0:nw :?>&Y*58D0Fy<=:nhj5C0:\[v58Q|Y0FZ5<==C0:j:?QC0:?Db}>Z:?hnYPSJr \QSZ:
C058Q0QP:ECv3zGK7{58FZC¬D0QP:¤FZUJGKLM@VSHGK>;@V58Q¬C0:
T (~k0)
YGKFn>;@MFHGK: GKLVUJGK>Z58@MFZ: Cv3 D0QP:¤I\GKF;@aGK70LV:¤ﬁGKDPSZS;@V:?Q0QP:C0:
I8GKF;@aGKQP<=:

QP58>ZU=:
G(1)
J
T (~k0) =
√
CTTk0 G
(1)
k0
.
£D0@VS~58Q.>;@MFZ:D0QP:FZUJGKLM@VSHGK>;@V58Q <=58Q89d58@MQ>Z:¤C0:
(T (~k0)
E(~k0)
)
SZ58DPS&LaG<=58Q>;FHGK@MQﬁ>Z:EC0:LaG I\GKLV:?D0FnC0:
T (~k0)
[
QP58>ZU=:
T0
[>;FZ58D0IU=:^<?@BcC0:=SZS;DPSJr£GKFLV:>;XPU=58FZ?hj:^C0:WpG=:=Sf[58QEC0U?>Z:?F;hn@MQP:WLaG&Y0FZ587GK70@MLM@M>ZU^C0:
E(~k0)
SHG8<ZXGKQ>
T0
J
P (E(~k0)|T0) = P (T (
~k0)E(~k0))
P (T (~k0) = T0)
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T (~k0)
:=S;>ﬁGKDPSZS;@V:?QO[PSŁG~C@VS;>;F;@M70D0>;@V58QC0:WY0FZ587GK70@MLM@M>ZU&:=S;>TC058Q0QPU=:yYGKFJ
P (T (~k0)) =
1
√
2pi
√
CTTk0
exp
{
− 1
2CTTk0
|T (~k0)|2
}
 @MQGKLV:?hj:?Qﬁ>J[LV:^<JGKLV<?D0LxC0:^LaG~C@VS;>;F;@M70D0>;@V58QqC0:WY0FZ587GK70@MLM@M>ZU¡<=58Q>;FHGK@MQﬁ>Z:_C0:
E(~k0)
C058Q0QP:wJ
P (E(~k0)|T (~k0)) = 1√
2pi
√
CEEk0 −
(CTE
k0
)2
CTT
k0
exp
{
− 1
2
(
CEEk0 −
(CTE
k0
)2
CTT
k0
)∣∣E(~k0)− CTEk0CTTk0 T (~k0)
∣∣2}
VRDAeGK@M>_Cv3 @MhnY*5\SZ:?F&LaG I\GKLV:?D0F&C0:
T (~k0)
[x@MLgFZU=S;D0LM>Z:iD0QC0U=<JGKLaGK:C0:LaG C@VS;>;F;@M70D0>;@V58Q C0:jY0FZ5Kc
7GK70@MLM@M>ZUE<=58QPC@M>;@V58Q0QP:?LMLV: C0:
(T (~k0)E(~k0))
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E(~k0)
J
E(~k0) =
CTEk0
CTTk0
T (~k0)
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I8GKF;@aGK70LV:&GKLVUJGK>Z58@MFZ:yﬁGKDPSZS;@V:?Q0QP:
Econd(~k0)
C0:^I\GKF;@aGKQP<=:
σcond
[>Z:?LMLV:yNDP: J
Econd(~k0) = E(~k0)−
CTEk0
CTTk0
T (~k0)
:?>
σcond = C
EE
k0 −
(CTEk0 )
2
CTTk0
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E(~k0)
G=I:=<nLV:=S
Y0FZ58Y0F;@VU?>ZU=SgC0:<=58F;FZU?LaGK>;@V58QFZ:=ND0@VSZ:=SJ[D0QP:`A¥58@VStLV:T<ZXGKhnY
T (~k0)
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FZU=U=<?F;@M>
E(~k0)
<=58hnhj:WJ
E(~k0) = E(~k0) +Econd(~k0)
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T (~k0)
:?>yC058QP<nC0:
E(~k0)
[*>;@MFZ:?F¡GKLVUJGK>Z58@MFZ:?hj:?Qﬁ>
E(~k0)
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Econd(~k0)
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E(~k0) =
CTEk0
CTTk0
√
CTTk0 G
(1)
k0
+
√√√√CEEk0 − (CTEk0 )2CTTk0 G(2)k0
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f(ki) = fi
[5MN
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f(~k)
J
P (f(~k)|{Γi}) =
P (f(~k))
∣∣
Γ
P ({Γi})
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P (f(~k))
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√
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∫
dk
k
PΨ(k)
[ ∫ χ∗
0
dχF (η0 − χ)jl(kχ)
(χ ∗ −χ
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ĈEEl1 Ĉ
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BB
l2
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